Progeny from full-sib/half-sib families of a population of Callosobruchus maculatus near genetic equilibrium were reared either in an ancestral (30°C, 70 per cent relative humidity) or in a novel (25°C, 45 per cent relative humidity) environment. The life history traits, emergence body weight and development period were measured in both sexes. Insects developed faster and emerged heavier at a higher temperature and humidity. For both sexes, in the ancestral environment additive genetic variation and 'narrow-sense' heritability estimates were higher for body weight, the morphological trait, than for development period, the primary fitness trait. For both sexes, matrix analyses revealed significant differences between the estimated additive genetic variance-covariance (G) matrices from each environment. In the novel environment, the evolved genetic architecture appeared to break down, possibly as a result of novel gene expression; the trade-off between emergence body weight and development period was disrupted with an associated increase in additive genetic variation for both life history traits. In both environments, female insects developed more slowly and emerged heavier than male insects. Matrix analyses show significant differences between the G-matrices of each sex, suggesting that different constraints may operate in the two sexes.
Introduction
The theory of the genetics of life history evolution has made great progress since Lande's (1979) consideration of the problem. The expectation is that, in a population at selective equilibrium, a genetic trade-off with a correlation coefficient of -1 should exist between two traits that compete for a share of a limited resource (Charnov, 1989 ) (i.e. a simple bivariate interaction), this resource often being energy (Sibly & Calow, 1986) . A genetic tradeoff between such traits develops because of the accumulation of genes with antagonistic pleiotropic effects (Rose, 1982) . When antagonistic pleiotropy *Correspondence E-mail: g.j .holloway@reading.ac.uk operates, a favoured change in one trait is associated with a disfavoured change in a second trait. These genes are consequently driven to fixation only very slowly by natural selection so that significant levels of additive genetic variation are expected to be maintained. Many empirical studies have been carried out to investigate the genetic architecture underpinning trade-offs. Some have successfully demonstrated the predicted genetic structure (e.g. Simmons et a!., 1980; Rose & Charlesworth, 1981; Soliman, 1982; Luckinbill et a!., 1984; MØller et a!., 1989; Holloway et a!., 1990a) , but at least as many studies have not (e.g. Giesel & Zettler, 1980; Giesel et a!., 1982; Murphy et a!., 1983; Stearns, 1983; Bell, 1984a,b) . Many of these studies have been criticized for using small or laboratory inbred populations (Rose, 1984) .
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Roll & and Lessells (1991) reviewed the empirical evidence for the existence of genetic trade-offs between life history traits in Drosophilid and non-Drosophilid species, respectively, and concluded that most studies have failed to find predicted values. Genetic trade-offs can be overwhelmed by variation in resource acquisition (van Noordwijk & de Jong, 1986) , obscured by hierarchical resource allocation (de Laguerie et al., 1991) , and life history traits do not always interact in a simple bivariate manner (Charlesworth, 1990) . Such complexities in trait interactions can produce genetic correlations significantly greater than -1 and sometimes even opposite to that predicted (Charlesworth, 1990) . The outcome is that, despite all of the work that has been carried out to date, the generality of the existence of genetic trade-offs between resource-demanding life history traits is still uncertain (Schemer et al., 1989) .
A further very important factor influencing the genetic structure underlying trade-offs is the environment in which the experimental work is carried out. As most quantitative genetic studies of life histories are carried out under artificial laboratory conditions, the effect of novel environment would appear to be very significant. Even so, very few empirical studies have addressed this problem (Service & Rose, 1985; Holloway et a!., 1990a; Kawecki, 11995) . Holloway et al. (1990a) predicted and presented data confirming that one effect of novel environment would be to increase the level of additive genetic variation owing to novel gene expression. However, Kawecki (1995) did not find similar results using the cowpea weevil, Callosobruchus maculatus. Service & Rose (1985) further demonstrated that novel environment should result in the breakdown of adapted genetic correlations between characters involved in trade-offs, a finding further supported by Holloway et al. (1990a) .
It has been conventional in the study of life history evolution to analyse fitness primarily in relation to females, as fitness in relation to males is generally more difficult to measure and, subsequently, model (Sibly & Calow, 1986) . In many insect species, however, sexual dimorphism in life history traits, such as emergence body weight or development period, is often very evident. In addition to this, Holloway et al. (1993) showed that estimates of additive genetic variation and covariation in and between life history traits differed between the sexes in a population of the two-spot ladybird, Adalia bipunctata. This suggests that each sex may be subject to a different set of constraints that is reflected in the structure of the life history genetics.
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MØller et a!. (1989) identified a trade-off between emergence body weight and development period in female C. maculatus. This trade-off does not represent an allocation problem as described above, but female weevils trade off the advantages of being larger with the associated benefits of higher fecundity against the costs of having to develop longer to achieve larger size (Sibly & Calow, 1986) . For males, emerging earlier may offer greater access to more virgin females, but the shorter the development time, the smaller the emergence weight; and size is a sexually selected character in some weevils (Hollo- way & Smith, 1987) . The relationship between development time and body weight in C. maculatus provided an ideal opportunity to examine the effects of novel environment and sex on the genetic structure underpinning a trade-off (but note that this trade-off would result in the evolution of a positive rather than a negative genetic correlation, as increasing development time is not favourable in evolutionary terms).
The present study therefore had three primary aims:
1 to investigate the genetics of the trade-off between emergence body weight and development period (egg to emergent adult) in C. macu/atus (strain 'Campinas'); 2 to determine the effect of novel environment on this trade-off; 3 to establish whether there are sex differences in the estimated genetic parameters.
The study was carried out using a population that had been cultured on the substrate greengram, Vigna radiata (family Leguminosae), for 45 discrete generations at constant density, temperature and humidity. Whether or not the population had reached equilibrium under these conditions is not possible to confirm, although some studies would suggest that this is long enough for a population to adapt to its environment (Bergeson & Wool, 1988) .
The culture conditions are referred to here as the ancestral environment and the genetics of the tradeoff were tested in this environment and also a novel environment of lower temperature and humidity.
Temperature is known to affect a range of life history traits in various Callosobruchus species (Giga & Smith, 1983 ).
Following Holloway et at. (1990a,b) it was predicted that: 1 in the ancestral environment there would be significant amounts of additive genetic variation for emergence body weight and development period and that there would also be significant positive additive genetic covariation (reflecting a genetic trade-off) between these two life history traits; 2 estimated additive genetic variance-covariance (G) matrices would be significantly different between environments; 3 in the novel environment, estimated additive genetic variation for emergence body weight and development period would be higher in magnitude than in the ancestral environment (Holloway et a!., 1990b; Smith et al., 1993);  4 in the novel environment, the positive additive genetic covariation between both traits found in the ancestral environment would break down by becoming more negative (Bell & Koufopanou, 1986; Holloway et al., 1990b) .
Materials and methods

Culture techniques
Beetles were cultured on greengram (V radiata) at constant temperature and humidity [CTH; 30 1°C and 70 5 per cent relative humidity (RH)]. To initiate a culture, 300 adults were placed on 150 g of substrate in 850 mL glass jars. Culture jars were placed in risella oil (Shell Lubricants, U.K.) to prevent invasion by mites and cross-contamination. The culture interval was 22-28 days. Large numbers of individuals were always used to initiate cultures to minimize the effects of inbreeding (Wright, 1931) . Inbreeding is known to reduce net fitness (Mackay, 1985) and may produce a number of inferior genotypes, which could result in spurious genetic correlations (Rose, 1984) . Before use, all greengram was disinfected by freezing at -18°C for 1 week and placed in store at 4°C for a further 2 weeks. Experimental seed was allowed to equilibrate to room temperature for 1 week. The insects had been maintained under the above conditions for 45 generations and as two separate lines.
Experimental design
The experiments were carried out under CTH conditions. Four days before insects were due to start emerging from culture, 500 seeds with eggs attached were randomly collected from the two lines, each seed isolated in a glass tube (5 x 1 cm) and then observed daily for emerging insects.
Freshly emerged insects were collected every 24 h from day 1 of emergence to day 7 and each isolated individually in a glass tube. If two or more insects emerged from a tube on the same day, then all were discarded to ensure that only virgins were collected.
On the seventh day of emergence, 40 randomly chosen males (sires) were each mated with four randomly chosen females (dams) (i.e. in a fullsib/half-sib breeding design). After 24 h, each dam was isolated in a glass tube and the sires were discarded. The dams were allowed to oviposit on 10 g of substrate for 24 h and then also discarded. another 10 eggs were placed into a second glass tube at 25±1°C, 45±5 per cent RH (i.e. the novel environment). All tubes were randomly distributed in the CTH room to alleviate any localized environmental effects. All tubes were inspected daily for emerging progeny. Emerging progeny were sexed using the characteristics described by Southgate et al. (1957) , their development period (to the nearest 24 h) recorded, and then each individually dried in an oven at 65±2°C for a period of 7 days. Individual dry body weights were obtained using a Cahn 29 electrobalance to the nearest 0.01 mg. There were 39 sires, each mated to four dams, and approximately four female and four male progeny per dam were weighed from each environment. A total of 30 female and 30 male progeny were randomly selected and weighed before and after being placed in the oven in order to obtain the relationship between dry and wet emergence body weight.
Statistical analysis
The data were derived from a nested full-sib/half-sib breeding design and analysed using the SAS General Linear Modelling (GLM) procedure (SAS Institute, 1989 ). The linear model used to analyse data from each environment was:
where Y,1k is the record of the k th progeny of the jth dam mated to the i th sire, t is the common mean, is the effect of the ith sire, J is the effect of the jth dam mated to the ith sire and E is the uncontrolled environmental and genetic deviations attributable to individuals. The causal additive genetic variation for each trait was estimated from the 'sire' and 'dam(sire)' mean square values in the ANOVA tables (Falconer, 1989) as follows:
VA ( ively, d is the number of dams mated to each sire and k is the number of progeny measured for each dam. 'Narrow-sense' heritabilities (h2) for each trait are calculated as the ratio of additive genetic variation to total phenotypic variation (Becker, 1984) . Only 'narrow-sense' heritabilities are presented in the present study. Analyses of covariance between both traits were carried out as outlined in Kempthorne (1957, pp. 264-265) Traditional methods of calculating standard errors for variance and covariance components were employed (Becker, 1984) , but it must be emphasized that these rely on the independence of estimated mean squares, which only occurs with balanced data sets (Sokal & Rohlf, 1981) . The data set presented here, as with most quantitative genetic data sets, is unbalanced (although not badly so), so standard errors may be biased to an unknown extent and direction (Searle, 1971) and must be viewed with some caution. However, it is at present evident that the least squares method of calculation yields estimates that frequently do not differ significantly from those produced by more involved procedures, such as restricted maximum likelihood (Knott et a!., 1995) and jackknifing (Li & Margolis, 1994) , although, again, this rather depends on how unbalanced the data set is. Estimates of additive genetic variances and covariances in and between the two measured traits are presented in the form of G-matrices (e.g. see Holloway et a!., 1993) and also as matrices composed of h2 and additive genetic correlation coefficients (e.g. see
Møller et a!., 1989). Both types of matrices are
composed of complementary information and are here used to describe the two-dimensional genetic architecture for each sex in each environment. G-matrices are compared using a Mahalanobis D2 test (Krzanowski, 1988) . This test is a maximum likelihood procedure that involves calculating the weighted determinants of the two matrices separately and subtracting these values from the determinant of the joint matrix. The -2log) value obtained is asymptotically distributed as x2 thus the similarity of the two matrices can be assessed (note that the test provides information on the structure of the matrices, not the content).
Resufts
Dry body weight was found to be highly correlated with wet body weight (r> +0.9) for both female and male insects.
Phenotypic estimates of the life history traits in the ancestral and novel environment
Phenotypic values for dry emergence body weight and development period are shown in Table 1 There were significant sex differences in both environments: females were heavier at emergence and also developed more slowly than male insects in the ancestral environment (F1,1079 = 5561, P.<0.0001, and F1,1079 = 25.99, P <0.0001, respectively) and also in the novel environment (F1,1059 = 5409, P <0.0001, and F1,1059 = 43.4, P.<0.0001, respectively).
Genetic estimates of the life history traits Table 2a shows additive genetic variance-covariance (G) matrices for female and male insects emerging in the ancestral environment. Table 3a shows the estimates of heritabilities and additive genetic correlation coefficients for the same insects. Both female and male insects showed significant levels of additive genetic variation for emergence dry body weight, but estimates for development period were associated with large standard errors (Table 2a) . For both sexes, therefore, heritabilities for emergence dry body weight were significantly different from zero, whereas those for development period were not (Table 3a) . Table 3 Estimates (±standard errors) of 'narrow-sense' heritability (h 2) and genetic correlation coefficients (rA) for female and male Callosobruchus maculatus for dry emergence body weight (wt; mg) and development period (dev; days) in ( Additive genetic covariances (Table 2a) and additive genetic correlation coefficients (Table 3a) between dry emergence body weight and development period were positive for females and males, but all estimates were not significantly different from zero.
In the novel environment, estimates of additive genetic variation and heritabilities for female and male thy emergence body weight and development period (Tables 2b and 3b ) were significantly greater than zero. These estimates tended to be higher than those measured in the ancestral environment, significantly so for additive genetic variation of male development period (t = 3.03, P <0.01). Additive genetic covariances (Table 2b ) and additive genetic correlation coefficients (Table 3b ) between both traits were negative for females and males, but all estimates were not significantly different from zero.
showed that there were significant differences between the ancestral and novel environments for each sex (female: = 37.5, P<0.0001; male: = 50.9, P <0.0001). A similar analysis also highlighted differences between the male and female 0-matrices within both the ancestral ( = 8.03, P<0.05) and novel environments (x = 12.3, P <0.01).
Discussion
Giga & Smith (1983) found that temperature and humidity affected development period for various Callosobruchus species on the substrate cowpea. Here, it was found that, on the substrate mung, insects not only developed sooner at a higher temperature and humidity but they also emerged heavier. For poikilotherms in general, metabolic rate is positively correlated with ingestion and assimilation rates and is higher at increased temperatures (Peters, 1983) . Intuitively, organisms growing faster at higher temperatures should also grow larger, because the fecundity advantages of larger size should then outweigh the cost of having to grow for longer to achieve it (Sibly & Atkinson, 1994) . However, it is interesting to note that in a recent review of 109 studies of plants, protists, ectothermic animals and a bacterium, despite developing faster with increased temperature, over 80 per cent showed a reduction in size (Atkinson, 1994) .
Genetic architecture in the ancestral environment It was predicted that in the ancestral environment there would be significant amounts of additive genetic variation for emergence body weight and development period and significant positive genetic covariation (reflecting a genetic trade-off) between these two traits, which would explain the maintenance of this genetic variation (prediction 1, see Introduction). Estimates of additive genetic variation and h2 were significantly greater than zero for emergence body weight, but not for development period. Estimates of additive genetic covariances and correlation coefficients were positive for both sexes, in line with the predicted genetic trade-off, but also not significantly different from zero.
There are various possible reasons why the estimates for development period were relatively low. Weight was measured to the nearest 10 pig, whereas development period was measured to the nearest 24 h. Because the great majority of insects emerged over 4-5 days, development period was therefore
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Genetic architecture in the novel environment As gene expression is environment dependent (Strickberger, 1968) , it was predicted that G-matrices would be significantly different between the ancestral and novel environments (prediction 2, see Introduction). Mahalanobis D2 comparisons between matrices confirmed this for both sexes. It was also predicted that in the novel environment, in comparison with the ancestral environment, estimated additive genetic variation for both traits would be higher in magnitude as a result of the expression of new genes (prediction 3, see Introduction). This prediction was statistically upheld only for the development period of male insects (t = 3.03, P<0.01, see Table 2 ), but also supported in female insects of the same strain (additive genetic variation doubled for emergence body weight and almost tripled for development period). Holloway et al. (1990a) found similar trends in a population of rice weevil, Sitophilus olyzae, in a novel split-pea (Pisum sativum) environment compared with an ancestral wheat (Triticum aestivum) environment.
The expression of new genes could cause genetic trade-offs to become disrupted (Bell & Koufopanou, 1986; Holloway et al., 1990a) , because in the novel environment original genotypes are likely to sort themselves out as generally poor performers and generally better performers (cf. Rose, 1982) . It was therefore predicted that the positive additive genetic covariation between emergence body weight and development period in the ancestral environment would break down by becoming more negative in the novel environment (prediction 4, see Introduction). The genetic correlation coefficients were estimated at +0.554±0.455 and +0.334±0.409 for female and male insects, respectively, in the ancestral environment, but in the novel environment, these estimates became more negative and were estimated at -0.394±0.217 and -0.0523±0.224, respectively. Evidence for the existence of genetic trade-offs was therefore far stronger in the ancestral environment.
Some of the breeding studies that have been carried out in the past failed to detect predicted genetic trade-offs because wild populations were measured after just a few generations in the laboratory, i.e. under novel environmental conditions (e.g. Murphy et al., 1983 ; see review by Bell & Koufopanou, 1986) .
A comparison of male and female parameters within environments
The fitness advantages of developing heavier at a cost of developing later are not so evident for males.
Perhaps a heavier male may have more energy to allocate to 'mate-search' and maintenance costs, but there must be a strong selection pressure to develop earlier, as it would allow earlier mating opportunities with virgin females. It was found that male insects emerged considerably lighter but earlier than female insects. The net fitness that males obtain by emerging earlier but smaller may be greater than the net fitness that they could obtain by emerging heavier after a longer development period.
The Mahalanobis D2 test revealed significant differences (at the 05-0.25 per cent level) between the female and male G-matrices in the ancestral environment. Sex-limited G-matrix structure has been noted elsewhere (Holloway et a!., 1993) . It is possible that different constraints operate in the two sexes, with energy being used in different ways (Maynard Smith et a!., 1985) . Quantitative genetic studies have focused primarily on the female sex, but if sex differences are apparent then estimates and predictions cannot simply be extended to the population as a whole. It seems that sex is yet another dimension that must be considered during multivariate genetic analyses.
